A qualitative seed-based method useful for the detection of resistance to the herbicide tribenuron-methyl in Papaver rhoeas L. is described. Seeds were germinated on 35 mL of a 1.3% agar medium containing 2 g KNO 3 L ±1 in 8. 7.68 lM tribenuron-methyl, assuring homogenous germination and testing of dormant seeds but avoiding root inhibition associated with too much gibberellin.
Introduction
The ®rst case of herbicide resistance in weeds was identi®ed in 1964. Currently, more than 150 resistant grass and broad-leaved weed biotypes in about 50 countries worldwide have been recorded (Heap, 2000) . One of the most signi®cant occurrences in herbicide resistance has been the advent of weeds resistant to herbicides that inhibit acetolactate synthase (ALS) (Saari et al., 1994 1 ). Papaver rhoeas L. is the most important broad-leaved weed infesting winter cereals in north-eastern Spain, occurring in 39% of surveyed ®elds (Riba et al., 1990) . Recently, resistance in this weed to the sulfonylurea herbicide tribenuron-methyl has been reported (Taberner et al., 1995; Claude et al., 1998) . Some cases of sulfonylurea resistance in P. rhoeas have also been cited recently in Italy (M Sattin, pers. comm.) and in Greece (E Kotoula-Syka, pers. comm.) .
In Spain, the highly active tribenuron-methyl has been available since 1986. In many situations this herbicide has been used annually in winter cereals imposing a high selection pressure on P. rhoeas. This selection pressure, coupled with biological characteristics of P. rhoeas, such as its high genetic variability (McNaughton & Harper, 1964 2 ), its outcrossing habit, self-incompatibility and high seed production (Holm et al., 1997) , can favour the appearance of herbicide resistance. Moreover, Saari et al. (1994) have reviewed that most of the reported species are resistant to ALS inhibitors as a result of the presence of a single nuclear gene with incomplete dominance. No cases of a ®tness penalty have been documented, suggesting that resistant plants could co-exist with susceptible plants even in the absence of herbicides.
Papaver rhoeas plants with multiple resistance to sulfonylureas (tribenuron-methyl) and to 2,4-D have been documented (Claude et al., 1998) . For this reason, there is a need for a quicktest to detect tribenuron-methyl and 2,4-D resistant biotypes. Currently, the period of time needed for collecting P. rhoeas seeds from suspected resistant ®elds and conducting outdoor pot trials to con®rm resistance is too short to provide feedback to farmers. This is often the case with tribenuron-methyl, which is applied as an early post-emergence treatment. In the case of 2,4-D, which is applied later in the growing season, the results of the outdoor pot trials on resistance responses of P. rhoeas ®eld samples can be obtained in time for the next cropping season.
Various tests have been discussed for screening seeds collected from suspected resistant plants for herbicide resistance. Tests referred to as Petri dish assays involve germinating seeds on agar or ®lter paper impregnated with herbicides (Heap, 1994) . Such bioassays are comparatively quick and inexpensive, reliable and are particularly useful for routine screening of a large number of susceptible or resistant populations (Heap, 1994) . Examples of these techniques are the Rothamsted rapid resistance test described by Moss et al. (1999) and the method described by LetouzeÂ et al. (1997) .
Other resistance tests include germinating seeds in pots and spraying the plants with herbicides (HRAC, 1999) . Pot tests may provide information about cross-or multiple-resistance and alternative herbicides to be used. Other tests such as germinating pollen on agar (Richter & Powles, 1993; LetouzeÂ & Gasquez, 1998 3 ) or growing tillers in herbicide media (LetouzeÂ et al., 1997) have been reported. Recently, quick-tests that test plants collected from the ®eld by growing in agar (Salas et al., 1999 4 ), or regenerating cuttings by growing in soil (Boutsalis, 1999) and spraying, have shown the potential for a rapid feedback to farmers within the same cropping season. These tests are reliable because they test for all potential mechanisms of resistance. To date, all these tests have concentrated on grass weed resistance, with the exception of the NOVARTIS test which has also been used successfully with broad-leaved weed species such as Amaranthus retro¯exus L., Chenopodium album L., Raphanus raphanistrum L. and Polygonum aviculare L. (P Boutsalis, pers. comm.) .
Physiological tests such as a chlorophyll¯uorescence test (Cadahia et al., 1982) for measuring resistance to Photosystem II herbicides are used in the ®eld. Biochemical tests investigating the activity of various target enzymes such as ALS inhibited by sulfonylurea, imidazolinone, triazolopyrimidine and pyrimidinylthiobenzoate herbicides (Singh et al., 1988 5 ) ). When collected in July and stored in plastic pots kept in a warehouse, this dormancy diminishes gradually during the ®rst months, reaching a certain stability after » 7 months (A Cirujeda & A Taberner unpubl. obs 7 .). The addition of 0.2 or 0.5 g gibberllin (GA 3 ) L ±1 can increase the germination rate considerably. Dormancy of ®eld-collected seeds has been found to vary greatly between populations. Our studies have characterized germination of populations 8 collected in dierent locations during the same summer. The germination rates obtained were in some cases superior to 50% without adding gibberellin, whereas other populations require the addition of even 0.5 g GA 3 L ±1 to achieve similar germination percentages (A Cirujeda & A Taberner unpubl. obs 9 .). GA 3 was investigated as a potential method of relieving dormancy of freshly harvested seeds to enable immediate testing after collecting P. rhoeas seeds from farmers' ®elds.
The objective of this work was to develop a quick-test for the detection of resistance to tribenuron-methyl in P. rhoeas. Speci®c objectives were: (i) ®nding the optimal herbicide medium composition that distinguishes resistant from susceptible populations on agar medium (percentage germination, root length or phenology/development). (ii) After de®ning the methodology, screening dierent populations of dierent ages, from dierent locations and with dierent herbicide sensitivity with the quick-test. (iii) Comparing the quick-test results with the results of ®eld and greenhouse pot experiments.
Materials and methods

Plant material
Seeds of P. rhoeas populations were collected in rainfed winter cereal ®elds in June and July of 1995±99 in north-eastern Spain. Most of the ®elds were chosen because farmers complained about herbicide control problems, and some were taken randomly without knowing their spraying history. The ®eld history of most of the ®elds was a continuous or little-interrupted application of 3±10 years of tribenuron-methyl. Most of the populations were collected from ®elds with a barley (Hordeum vulgare L.) monoculture owing to the semi-arid climatic conditions that allow little crop rotation; some had barley±wheat (Triticum aestivum L.) rotation and only a few populations were collected in ®elds in which crop rotation included oilseed rape (Brassica napus L.), peas (Pisum sativum L.) or maize (Zea mays L.).
The populations chosen for ®nding the optimal medium conditions were two susceptible populations (from 1995 referred to as S1 and from 1998 referred to as S2) and two resistant ones (from 1996 referred to as R1 and from 1998 referred to as R2). Their origins were north-eastern Spain (Catalonia). The susceptible standards came from a rainfed (S1) and irrigated (S2) region, respectively, where no herbicides had been used for at least 10 years. R1 is the population described by Claude et al. (1998) . The R2 population came from a ®eld in which resistance to tribenuron-methyl had been con®rmed in a ®eld trial in 1998±99. All seed samples had been stored in closed plastic pots kept in a warehouse.
Seeds were placed to germinate in Petri dishes on agar medium and then 10 seedlings were transplanted in an aluminium tray (0.20 m´0.15 m) containing a 1:1 peat±sand mixture. After reaching the four-to ®ve-leaf stage, the plants were sprayed with tribenuron-methyl (Granstar, 750 g a.i. kg ±1 , DuPont) at 0, 4.7, 9.4, 14.1, 18.8, 23.5, 28.1, 32 .9 and 37.5 g a.i. ha
±1
. Two Quick-test for herbicide resistance in Papaver rhoeas replicates were carried out per rate and population. Data were submitted to a Student's t-test at P 0.01. The dose±response curves of these populations are shown in Fig. 1 . Both susceptible reference populations died at a quarter of ®eld dose (4.7 g a.i. ha ±1 ). The resistant standard populations survived a double ®eld rate (37.5 g a.i. ha ±1 ). Within the susceptible and the resistant populations the response was not statistically dierent.
Developing the test
The ®lter paper method used by Moss et al. (1999) for grass weeds was not useful in this case because the small P. rhoeas seeds failed to germinate when immersed in water. Consequently, solidi®ed agar in Petri dishes was used as a germination medium. The standard composition of the agar medium was 1.3% agar and 2 g KNO 3 L ±1 , as described by Cirujeda et al. (1999) . In order to decide if it was necessary to include the dormancy-breaking substance gibberellin, germination with selected combinations of GA 3 and tribenuron-methyl doses was studied on dierent aged populations. Germination on agar medium containing 1.3% agar, 2 g KNO 3 L ±1 and 0.24 lM tribenuron-methyl (i.e. 0.908´10 ±4 g a.i. L
±1
) was tested on 69 populations: six populations were from 1995, four from 1996, 15 from 1997 (more than 20 months old) and 44 from 1998 (8±17 months old). Germination on a medium containing 1.3% agar, 2 g KNO 3 L ±1 , 0.2 g GA 3 L ±1 and 7.68 lM tribenuron-methyl was tested with 36 populations: two populations were from 1995, three from 1996, one from 1997, four from 1998 (17 months old) and 26 from 1999 (4 months old). Germination on 1.3% agar, 2 g KNO 3 L ±1 , 0.5 g GA 3 L ±1 and 61.44 lM tribenuron-methyl was tested on 17 populations: one population from 1995, one from 1996, four from 1998 (16 months old) and 11 from 1999 (4 months old). Figure 2 shows the results of these studies, classifying between populations, which showed a low or high germination capacity under the dierent doses. Fig. 1 Dose±response curves of the four Papaver rhoeas reference populations (susceptible: S1, S2; resistant: R1 and R2). Dierences between R and S populations were signi®cant at P 0.01 (Student's t-test) at all applied rates of tribenuron-methyl, but there were no signi®cant dierences between the R1 and R2, or S1 and S2 populations at any date. S1 and S2 symbols are overlapped.
Most of the older populations from 1995, 1996 and 1997 showed germination rates > 50% when no gibberellin was added. Younger populations (from 17 months) needed the addition of at least 0.2 g GA 3 L ±1 to reach these germination rates. Even younger populations needed 0.5 g GA 3 L ±1 to achieve 50% germination. These results suggested the importance of adding gibberellin to the medium, especially if freshly harvested samples are analysed. The samples contained a seed mixture of dierent plants growing in the same ®eld. As dormancy can vary highly between plants depending, e.g. on the light the plant received during growth (Salisbury & Ross, 1992 10 ), in order to obtain representative data as much germination as possible on the dishes was targeted and therefore gibberellin was included in the study.
Dierent concentrations of tribenuron-methyl were added to the medium before solidifying as well as several concentrations of gibberellin in order to evaluate the eect of the herbicide on plant growth and development, and to ®nd the lowest GA 3 and tribenuron-methyl rates needed to distinguish susceptible from resistant plants. The studied combinations were 0 and 0. 
Verifying the methodology with other populations
After having determined the best GA 3 ±tribenuron-methyl combinations, the methodology was tested on three further populations (codi®ed as 18/98, 48/98 and 51/99). The chosen combination of 7.68 lM tribenuron-methyl with 0.2 g GA 3 L ±1 was tested on four other populations (codi®ed as 36/98, 11/99, 12/99 and 52/99). All these populations were also tested by some other methods as described below.
Validation of the results in the Petri dishes in greenhouse and ®eld experiments
The results were validated by a greenhouse experiment. Seeds were placed to germinate in Petri dishes on agar medium containing 0.2 g GA 3 L ±1 and 2 g KNO 3 L ±1 and then 20 seedlings were transplanted in an aluminium tray (0.20 m´0.15 m) containing a 1:1 peat:sand mixture. The plants were kept growing until the four-to ®ve-leaves stage and then 0, 6.27, 12.5, 18.8, 25.0 and 37.5 g a.i. ha ±1 of tribenuron-methyl were applied with a constant pressure sprayer. Three replicates of each treatment were placed randomly in a greenhouse with temperatures ranging from 10°C to 25°C. Final survival evaluation was performed 20 d after treatment.
The ®eld experiments were conducted in dierent years (1997±2000) on three resistant populations (including the reference population R2) and on one susceptible population. The other reference populations were not available for treatment. A randomized block design with three replicates was used. Plots measured 2 m´5 m. Application of 18.8 g a.i. tribenuronmethyl ha ±1 was made by a constant pressure sprayer at the four-to ®ve-leaves stage of P. rhoeas. 
Results and discussion
De®ning the optimum methodology of the test with the reference populations When tribenuron-methyl was added, the development of the plants in the Petri dishes was found to be inhibited in the susceptible populations and not in the resistant ones. It was observed that although the resistant individuals continued to develop new leaves, the susceptible plants stopped developing after the cotyledon stage. Moreover, the cotyledons turned light green in contrast to the dark-green colour of the plants in the control dishes and of the resistant populations on the herbicide medium. When no gibberellin was added, 0.24 lM tribenuron-methyl per dish added to a standard medium was found to be sucient to distinguish clearly the resistant from the susceptible populations on the basis of development cessation (data not shown). Dierences in colour started to be visible after 7 d; clear results could be observed after a maximum of 17 d in most of the populations. If the dishes were kept longer and assessment was made later, confusion started owing to the mortality of some well-developed or undeveloped plants caused by humidity or the presence of fungi.
The addition of gibberellin to the medium caused higher germination rates and a stronger growth and development. Seed germination was also more homogeneous in both the resistant and the susceptible populations. The mortality of plants caused by humidity or fungi was delayed for several days. Gibberellin had an antagonistic eect on the herbicide ecacy and higher concentrations were needed.
Adding 0.2 g GA 3 L ±1 the desired eects started at 7.68 lM tribenuron-methyl, whereas when 0.5 g GA 3 L ±1 was added, the desired herbicide eect was visible again with 61.44 lM tribenuron-methyl. Susceptible and resistant plants could be distinguished 14 d after sowing. The gibberellin aected root growth of all the populations irrespective of the addition of herbicide. This eect was greater with an increased gibberellin dose and greatest when herbicide was also added to susceptible populations. Nevertheless, in most of the experiments this did not aect the possibility of distinguishing well-developed from undeveloped plants.
No dierences were found between the three replicates in any case. When the agar test was repeated for the same populations some time later the results were always consistent (data not shown).
Percentages of germination, well-developed (resistant) and undeveloped (susceptible) plants were recorded. Table 1a shows the results on seven populations using the three best medium combinations. Most of the populations had a response with a clear majority of resistant or susceptible individuals although some populations showed a mixed sensitivity. The proportion of resistant and susceptible plants for each population was very similar on all three medium combinations. In the resistant populations 9/96, 1/98, 18/98 and 48/98 the proportion of susceptible plants decreased with the addition of gibberellin and tribenuron-methyl. So, distinction seemed to be clearest with 0.5 g GA 3 L ±1 and 61.44 lM tribenuron-methyl.
Nevertheless, the proportion of these possible susceptible plants was small (less than 10%) with the combination 0.2 g GA 3 L ±1 + 7.68 lM tribenuron-methyl.
When no gibberellin was added, germination in the dishes was staggered and not simultaneous. So, at the evaluation moment, some plants had not yet developed new leaves whilst other plants were already aected by fungus before reaching the one-leaf stage. These plants could not be classi®ed. This explains the higher percentage of too young or dead plants especially in resistant populations in dishes without gibberellin (Table 1a ). When 0.2 g GA 3 L ±1 was added, this percentage decreased as a result of the more homogenous germination. In some cases, the addition of 0.5 g GA 3 L ±1 inhibited the root growth making classi®cation impossible, reaching important percentages in some cases (Table 1a and other not shown data).
Testing the different combinations of gibberellin and tribenuron-methyl with other populations
The other three populations tested behaved similarly to the reference populations (Table 1a) . Percentage of too young or dead plants was highest when no gibberellin or 0.5 g GA 3 L ±1 was used. The proportion of resistant and susceptible plants was very similar for all three medium combinations. Germination rose with gibberellin addition in all three cases. In all 11 populations tested the results of the Petri dish experiments were consistent with the greenhouse and ®eld experiments (Tables 1 and 2 ). Both uniform seed lots and mixed populations were detected. Therefore, there were resistant biotypes found in ®elds with a smaller or higher resistance proportion of the plants to tribenuron-methyl in P. rhoeas.
Both the pure resistant or susceptible and the mixed populations showed similar proportions of survival and death in the dishes and the greenhouse and ®eld experiments. This shows that all three methods are capable of giving similar information.
Field trials are expensive, time-consuming and show a strong dependence on other external factors, which cause irregular seedling distribution as well as other mortality factors on the weeds irrespective of the herbicide. It is dicult to describe exactly how many individual plants are resistant or susceptible.
Greenhouse tests also require more space facilities than the Petri dish test as well as watering of the plants. The duration is of at least 1 month compared with the 14 d necessary for the Petri dish trials. Herbicide eects on plants can be observed individually better than in the ®eld trials.
The Petri dish test has many advantages: it is quick, no special facilities are required apart from the growth chamber, and the distinction between resistant and susceptible plants in the Petri dishes is very clear.
Conclusions
After repeating the quick-test method with 11 populations and con®rming the results in greenhouse pot experiments and in six ®eld experiments, the method seems valid. The advantages of this method are the rapid results, the independence of climatic factors such as temperature and water, and the much lower need for working material and human eort. Another advantage is the possibility of enhancing germination with gibberellin. This means that the test can be carried out on P. rhoeas immediately after harvest. 
